
Reference: Biol. Bull 186: 139-152. (April, 1994)

The Effects of Sperm Concentration, Sperm:Egg Ratio,

and Gamete Age on Fertilization Success

in Crown-of-Thorns Starfish (Acanthaster planci)

in the Laboratory

J. A. H. BENZIE* AND P. DIXON

Australian Institute of Marine Science, PMBNo. 3. Townsville MC, Queensland 4810. Australia

Abstract. Laboratory experiments varying gamete con-

centrations and gamete age demonstrated significant re-

ductions in fertilization success of the starfish Acanthaster

planci (L.) with decreasing sperm concentration and in-

creasing age of both eggs and sperm. The effect of aging

in sperm was faster than that of eggs, and the speed of

sperm aging increased with increasing dilution of sperm.

Fertilization success was high over a wide range of sperm:

egg ratios but declined rapidly at ratios less than 50, par-

ticularly at low sperm concentrations. A. planci gametes

aged more slowly, and the loss of fertilizing capacity of

sperm with dilution (the respiratory dilution effect) was

far less, than in sea urchins. These characteristics provide

a mechanism for enhanced fertilization success at given

sperm concentrations and at greater distances and times

from the point of gamete release, and may explain the

higher fertilization rates achieved over longer distances in

the wild by A. planci relative to sea urchins. Gametes

would remain competent for longer periods at more dilute

concentrations and so better achieve long-distance fertil-

ization. Gametes obtained at the end of the breeding sea-

son were qualitatively different from those obtained early

in the breeding season and showed reduced fertilization

success for a given combination of variables, and different

fertilization dynamics.

Introduction

Most work on sea urchins and starfish has concentrated

on the biochemical and cellular mechanisms underlying

gamete maturation and fertilization and early larval de-
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velopment, using a few model species (Ishikawa, 1975;

Chia and Bickell, 1983; Kanatani and Nagahama, 1983;

Meijer and Guerrier, 1984). Reports on the effects of ga-

mete age and concentration on fertilization success are

mostly limited to laboratory studies and rarely address

the process in an ecological context (Tyler and Tyler, 1 966;

Pennington, 1985; Levitan el ai. 1991).

Fertilization is affected by the age of the gametes (the

time since they were first released into the seawater), the

concentration of sperm, and the number of sperm relative

to the number of eggs (Lillie. 1915, 1919; Cohn, 1918;

Gray, 1928). Additional information on the effect of ga-

mete concentrations on fertilization success has been ob-

tained incidentally from studies using sea urchin sperm

as a toxicological assay (Greenwood and Bennett, 1981;

Kobayashi, 1984; Dinnel etal., 1987). Pennington (1985)

was the first to study fertilization success in the field. He

confirmed the loss of fertilizing capacity of sperm of sea

urchins with dilution and with increasing gamete age in

the laboratory and inferred that the effects of sperm di-

lution were largely responsible for the marked reductions

in fertilization success he observed in field experiments

as distance between eggs and spawning males increased.

Pennington's theory has been supported by further studies

on sea urchins (Levitan, 1991; Levitan et ai, 1992), and

similar explanations have been advanced to explain rapid

reductions in fertilization success with distance in hydroids

(Yund, 1990) and ascidians (Grosberg, 1991).

Despite the importance of gamete age and sperm con-

centration in determining fertilization success between

individuals spatially separated to different extents, only

one study has attempted to quantify experimentally the

conjoint effects of several variables on fertilization success
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(Levitan el a/.. 1991). These authors demonstrated that

the theoretical model developed by Vogel el al. (1982)

accounted for 91% of the variation they observed in fer-

tilization success.

The aim of the present work was to obtain conjoint

information on the effects of sperm concentration, sperm:

egg ratio, and gamete age on fertilization success in the

crown-of-thorns starfish, Acanthaster planci (L.). Fertil-

ization dynamics in this species is of particular interest

because its large increases in population size (outbreaks),

which have caused considerable damage to coral reefs

throughout the world (Moran, 1986), could result from

fluctuations in fertilization success. Despite intensive re-

search in recent times, many aspects of A. planci biology

including fertilization dynamics are still unknown

(Lassig and Kelleher, 1991 ).

Although A. planci has been spawned and reared in

captivity, fertilization success was not reported (Yama-

guchi, 1974; Lucas, 1982). Information on spawning and

fertilization rates in the field has been reported (Babcock

and Mundy, 1992), but no studies have examined the

influence of gamete characteristics or gamete concentra-

tions on fertilization success. Comprehensive information

on the conjoint effects of gamete concentrations and ga-

mete age on fertilization success in A. pkinci is not only

specifically relevant to the occurrence of outbreaks in the

crown-of-thorns starfish but also adds to the limited in-

formation available on the effect of these variables on

external fertilization in marine organisms.

Materials and Methods

Starfish were collected from Davies Reef (18 50' S.

147 39' E) in the Great Barrier Reef on the east coast of

Australia from November to February in 1987, 1988, and

1989, in each of the breeding seasons for A. planci. Ani-

mals were sexed, and their breeding condition assessed,

by making a small cut in the proximal part of one arm
of the starfish and examining the gonad. Individuals with

well-developed gonads were then kept separately in clear

acrylic tanks with fresh-flowing seawater until they were

used in the experiments. The seawater used in this treat-

ment and in all experiments was approximately 28C and

pH 8.3. The usual range in summer values for the Great

Barrier Reef inshore waters is 28-33C and pH 8.2-8.6.

Gametes were obtained from portions of gonad ap-

proximately 5 cm3
in volume that were removed from

individual starfish through a 2-cm cut in the dorsal margin
of one side of the proximal part of an arm. The tissue was

placed in 100 ml of filtered (0.4 ^m) seawater (FSW) con-

taining 10
6 M1-methyladenine to induce gamete release.

Gonad tissue from female starfish was collected 1 h before

gonad tissue from males because females responded more

slowly than males to hormonal induction (approximately

45 min for females compared with less than 30 min for

males) and eggs had to be counted into beakers before

sperm were added. Only gametes extruded during the first

10-15 min in response to the hormonal treatment were

used in the experiments.

Eggs were pipetted into a shallow crystallizing dish with

clean FSW. After eggs had matured (as evidenced by ger-

minal vesicle breakdown), they were counted into separate

beakers for the various experimental treatments. For

treatments requiring small numbers of eggs (80 or fewer),

eggs were counted out individually from pasteur pipettes.

For treatments requiring 100 eggs or more, a monolayer
of eggs was settled on the base of the dish over a grid in

which each square contained 100 eggs. With the aid of a

dissecting microscope, eggs from the appropriate number

of squares were sucked into a pasteur pipette and added

to the test container.

The sperm solution was separated from male gonad
tissue by decanting the solution into another beaker. This

original 100 ml of concentrated solution usually contained

12-40 X 10
6

sperm ml '. Because 2.5ml of tissue re-

mained after sperm release, these figures suggest that

sperm were stored and extruded at densities of 2 X 10
8 -

10
9

sperm ml '. Given that the extrusion occurred over

20 min, the average rate of sperm release from excised

gonad was approximately 10
5 -10 6

sperm s~' One milliliter

of well-mixed solution was removed and diluted 500 times

in FSWto which formalin had been added to fix the sperm

before counting. Two drops of solution were placed on a

hemacytometer and the number of sperm counted. These

data were used to calculate the appropriate aliquot of the

original concentrated sperm solution to be diluted with

FSWto provide 500 ml of a stock solution containing 2

X 10
6

sperm ml '. This stock solution was used as the

base for serial dilutions to provide sperm of varying con-

centrations.

Preliminary' tests had shown that sperm maintained at

a concentration of 2 X 10
6

sperm ml '

retained full fer-

tilizing capacity for at least 24 h, but the longest period

over which the solution was used in any experiment was

less than 8 h. Rates of fertilization at a variety of dilutions

from such stock solutions held for 8 h were the same as

those from the same dilutions made immediately after

the stock solution was created. In other words, stock so-

lutions of 2 X 10
6

sperm ml '

did not appear to "age"

over 24 h. Timing was therefore carried out from the time

of dilution from the stock solution held at 2

x 10
6

sperm ml '. This approach provided a clear and

reproducible start to experiments with "non-aged" sperm.

There was no correlation between initial concentrations

at which sperm had been spawned and the relative speed

of aging of the sperm in subsequent experiments; the ex-

istence of a correlation might suggest that the initial

spawning into seawater had irreversibly aged the sperm.
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It should be noted that when sperm were released, they

accumulated in a thick sludge at the base of the beaker

and were therefore accumulating in very high concentra-

tions. The values of 12-40 X 10
6

sperm ml ' were ob-

served after thorough mixing of the seawater in the beaker

at the end of the spawning period.

Serial dilutions were used to obtain stock solutions of

each sperm concentration immediately prior to first add-

ing sperm to the eggs. To obtain the desired final concen-

tration of sperm, 1 ml of sperm stock solution was added

to every 19 ml of FSWcontaining the eggs. Stock sperm
concentrations derived from 1, 1:10, 1:100, 1:1000, and

1:2000 dilutions of the 2 X 10
6

sperm ml" 1

solution pro-

vided respective final concentrations of sperm of 10
5

, 10
4

,

10\ 10
:

. and 50 sperm ml" 1

in the FSWcontaining the

eggs. Most of the treatments were carried out in 50-ml

glass beakers with 19 ml of FSW. However, where a spec-

ified sperm:egg ratio would have resulted in less than

10 eggs in 19 ml of FSW, volumes up to 1 liter were used

to provide treatments having at least 10 eggs.

Preliminary experiments had demonstrated that no

fertilization occurred if sperm concentrations were

10 sperm ml" 1

or less, and that the proportion of eggs

fertilized in any treatment did not increase after 45 min.

In all experiments, therefore, only sperm concentrations

greater than 10 sperm mr 1 were used, and the fertilized

eggs were counted 45 min after sperm was first added to

the eggs. In treatments using small containers, all eggs

were counted and the number of fertilized eggs (those

with a raised fertilization membrane) was noted, with the

aid of a dissecting microscope. In treatments with large

volumes of seawater, the eggs were collected using a pas-

teur pipette and placed in a small volume of seawater

where those with a raised fertilization membrane were

counted.

Preliminary experiments also demonstrated marked

differences in performance by different individuals of one

sex when mated with a given individual of the opposite

sex and showed that the ranking of performance varied

with the individual of the opposite sex used. Because ex-

perimental results could be strongly influenced by using
one individual in several matings, subsequent experiments
used an individual only once.

Variation in fertilization success at different times and
in different years

The logistic difficulties in undertaking the large-scale

combinations of sperm concentration, spernregg ratio,

and differently aged gametes meant that data were col-

lected from experiments conducted at different times in

the breeding season and from more than one breeding
season. To assess the effects of these variations on fertil-

ization success, data from each time period were obtained

on fertilization success at 0. 1, and 2 h after gamete release

at spernregg ratios of 5000 and sperm concentrations of

10
4

sperm ml '.

Sperm concentration and sperm:egg ratio experiments

Experiments testing the effects of sperm concentration

and spernregg ratio used final sperm concentrations of

50, 10
:

, 10\ 10
4

, and 10
5

sperm ml ' and spernregg ratios

of 100, 500, 1000, 2500, and 5000 in every combination,

giving a total of 25 treatments. Testing a number of the

low sperm :egg ratios at sperm concentrations less than

50 sperm ml" ' was impracticable: it would have required

several replicates of 10 1 or more with only 10 eggs that

would have been difficult to relocate and score.

Eggs were collected, and sperm solutions were diluted,

immediately before the experiment and were used

throughout the experiment, so that both gametes were

aging over the course of the experiment. Sperm from the

diluted stock concentrations was added to sets of eggs at

min, 1 5 min, 45 min, 1 h 45 min, and every succeeding
hour until 6 h 45 min from the first insemination. Two
replicates of each test combination were performed per

mating, and a total of 10 different matings were used.

Gamete aging experiments

The number of sperm dilutions and spernregg ratios

was reduced in experiments testing the independent effects

of aging in either eggs or sperm because four combinations

of "aging" and "fresh" gametes had to be tested. At each

time interval, aging sperm was added to aging eggs as in

the sperm concentration and sperm :egg ratio experiment.

Aging sperm was also used to fertilize a newly collected

set of fresh eggs from ovary tissue induced to spawn
45 min prior to that insemination. Freshly diluted stock

solutions of fresh sperm were prepared from the 2

X 10
6

sperm ml '

stock and added to both aging and fresh

eggs. The sperm concentrations used were 10
2 and

10
4

sperm ml ' and the spernregg ratios were 100, 1000,

and 5000; with four combinations of gametes, this gave
a total of 24 treatments. Sperm was added to sets of eggs

at min, 45 min, 1 h 45 min. and every succeeding hour

until 6 h 45 min from the first insemination. Two repli-

cates of each test combination were performed per mating,

and a total of six different matings were used.

Statistical analysis

All results were expressed as percent fertilization and

were arcsin transformed prior to analysis of variance and

stepwise multiple regression using BMDP(Dixon el al..

1983) and SAS (SAS Inc., 1985). Multidimensional plots

were produced using graphic programs in SAS.
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Table I

Analysis of variance testing for differences between early and late

breeding season (time in breeding season), breeding seasons (year),

and time since gamete release (gamete age), on fertilization success of

Acanthaster planci

Source of variance
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Table III

Analysis of variance testing the effects of time since initial gamete re/ease (gamete age), sperm.egg ratio, sperm concentration, and time within

breeding season (time in breeding season) on tertiliiation success in Acanthaster planci

Total data set
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Early breeding season

Late breeding season

Sperm: egg ratio 5000

120

60 -

Sperm: egg ratio 1000

Sp. cone. 10 5

Sperm: egg ratio 100

Hours
Figure 1. Mean percent fertilization, with standard error, of eggs from Acanthaster planci when mixed

with sperm at different sperm concentrations (rows) and sperm:egg ratios (columns) over a period of 6 h

45 min. Sperm concentration varied from 50 to 10
5

sperm ml' 1

, and spernregg ratio varied from 100 to

5000. Data from matings early (November-December) and late (January) in the breeding season are plotted

separately.
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Early breeding season

Sperm
concentration

5000 500 100

Time (hrs)

Late breeding season
5000 500 100

Figure 2. Fertilization response surfaces over a series of sperm concentrations and times since gamete

release, plotted for three different spernregg ratios for the early and late breeding season.

times from gamete release. The overall geometry of the

surface for the sperm:egg ratio of 500 from the late breed-

ing season was depressed relative even to the spernregg

ratio of 100 from the early breeding season, although its

general form was similar. The two-dimensional surface

of fertilization in these illustrations appears to be the result

of the orthogonal interaction of two sets of sigmoid curves.

The temporal dynamics of fertilization have been sum-

marized in a series of fertilization rate response surfaces

plotted at different times from gamete release as a function

of spermiegg ratio and sperm concentration (Fig. 3). Data

for the early breeding season show a plateau of high fer-

tilization in the first 45 min, with a drop in fertilization

observed only for the lowest spermiegg ratios and sperm

concentrations. The general decline in fertilization with

time was more rapid for low sperm concentrations and

varied little with sperm:egg ratio. When data from early

and late breeding season were compared, the consistently

lower fertilization rates and the more rapid decline in fer-

tilization rate with time and at lower sperm concentrations

in the late breeding season were clear (Fig. 4). The response

surface for the late breeding season also tilted downwards

more strongly at the apex of the spernregg ratio and sperm

concentration axes than that from the early breeding sea-

son and folded downwards at relatively higher spernregg

ratios (compare the 1 5-min and 45-min graphs in Figs. 3

and 4).

Gamete aging experiments

The gamete aging experiments included data only trom

the early breeding season and therefore did not require

inclusion of time in breeding season as a factor in the

analysis. Time since the aging gametes were first released

(time), egg type (fresh or aged), sperm type (fresh or aged),

sperm:egg ratio, and sperm concentration all had highly

significant main effects (Table IV). Fertilization rates de-

creased with time since gamete release, with aged as op-

posed to fresh eggs or sperm, with decreasing spernregg

ratio, and with decreasing sperm concentration (Fig. 5).

There were highly significant two-way interactions of

sperm concentration with all other factors, reflecting the

greater reduction in fertilization rate at lower sperm con-

centrations with increasing time from gamete release, aged

relative to fresh gametes, and decreasing spernregg ratio.

Fertilization rates were also increasingly depressed the

older the aged eggs or aged sperm used, leading to the

significant two-way interactions between time since ga-

mete release, egg type, and sperm type.

When the treatments using different sperm concentra-

tions were analyzed separately, both showed significant
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hr 45 min 1 hr 45 min

Sperm:egg 10o50
-
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concentration

3 hr 45 min 5 hr45 min

Figure 3. Fertilization response surfaces over a series of sperm concentrations and sperm:egg ratios,

plotted at different times from gamete release. The set of six graphs depict the decline in fertilization early

in the breeding season, with the sixth graph providing a key to the relative positions of the surfaces shown

in the preceding five graphs.

main effects of time since gamete release, egg type, sperm

type, spernr.egg ratio, and sperm concentration; both also

showed the same suite of significant two-way interactions.

However, the two-way interaction of egg type and sperm:

egg ratio was nonsignificant in the 10
2

sperm ml '

analy-

sis, and that of sperm type and spernregg ratio was non-

significant in the 10
4

sperm ml"' analysis (Table IV). Far

fewer higher order interactions were significant in each

case.

The results clearly demonstrated an aging of both ga-

metes, with aging eggs fertilized using fresh sperm showing

a decline in fertilization rate after 3 h, dropping to 20%

by 7 h (Fig. 5). The aging rate of sperm was much faster

and dependent upon sperm concentration. At sperm con-

centrations of 10
2

sperm ml' 1

, the fertilization rates of

fresh eggs fertilized by aging sperm declined after 1 h.

dropping to 0% after 3 to 4 h. At sperm concentrations

of 10
4

sperm ml" 1

, fresh eggs fertilized by aging sperm

showed a decline in fertilization rate after 3 h, dropping

to 20% by 7 h. Thus at 10
4

sperm ml" 1

, aging eggs fertil-

ized by aging sperm showed a fertilization rate similar to

that of aging eggs and fresh sperm. At high sperm con-

centrations, fertilization rates were therefore largely de-

termined by egg aging. In contrast, at 10
2

sperm mr'.

aging eggs fertilized by aging sperm showed a pattern sim-

ilar to that of fresh eggs fertilized by aging sperm. At low

sperm concentrations, fertilization rates were therefore

determined to a large extent by sperm aging.

Discussion

In this investigation, the first detailed analysis of fer-

tilization dynamics of a starfish, A. planci showed general

similarities to sea urchins but there were also marked

differences. The relative effects of sperm concentration,

gamete age, and spernregg ratios on fertilization success

in A. planci were similar to those reported for several spe-

cies of sea urchin. Egg density or spernregg ratio had little

influence on fertilization success, but gamete age and

sperm concentration had marked effects, as in sea urchins

(Lillie, 1915; Dinnel el a!., 1987; Levitan et ai, 1991).

However, fertilization dynamics in A. planci appeared to

be more sensitive to spernregg ratio than are the sea ur-

chins studied to date. Although Levitan et al. (1991) found

no significant effect of egg concentration over the range

they examined, they used a model developed by Vogel et

al. (1982) to predict reduced fertilization success for

Strongylocentrotus franciscanus at low sperm concentra-

tions of 1

2

sperm ml" '(10 sperm ^1
'

) and high egg con-

centrations of 10
4

eggs ml '

(10
3

eggs^r
1

), equaling

spernregg ratios of 0.01 or less (see Fig. 8 of Levitan et

al. , 1 99 1 ). Effects on fertilization success of A. planci were

observed at far higher spernregg ratios (up to 100 early

in the breeding season and up to 500 late in the breeding

season) for sperm concentrations of 10
2

sperm mT'

(Fig. 3).

The fertilization response surfaces for the sea urchin S.

franciscanus (Levitan et ai. 1 99 1 ) and the starfish A. planci
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Figure 4. Fertilization response surfaces over a series of sperm concentrations and spernvegg ratios,

plotted at different times from gamete release and comparing the fertilization response surface early (transparent

surface) and late (stippled surface) in the breeding season.

were similar in that fertilization success declined with de-

clining sperm concentrations and increasing time from

gamete release. The loss of fertilizing capacity of sperm
with dilution is called the respiratory dilution effect (Chia

and Bickell, 1983) and results from the fact that although

the total amount of oxygen consumed by a spermatozoan
over its lifespan is independent of dilution, the rate of

consumption is far greater at low sperm concentrations,

leading to a shorter lifespan at low concentrations. A di-

lution effect was clearly demonstrated for A. planci.

However, the dynamics of fertilization of A. planci were

very different from those of S. franciscanus. Fertilizing

capacity was lost more rapidly by S. franciscanus at given

sperm concentrations and declined more rapidly with in-

creasing dilution of sperm. At sperm concentrations of

10
5

sperm ml"', fertilization rates for A. planci early in

the breeding seasons were above 90% for up to 105 min
from the time of gamete release, but rates for S. francis-

canus had declined from over 90% at 10 min to approx-

imately 40%> by 80 min (compare Fig. 1 from the present

paper with Fig. 2 of Levitan el al., 1991). Similarly, at

sperm concentrations of 10
3

sperm ml~ ', fertilization rates

for A. planci were above 90% for up to 45 min, declining

to 50% by 105 min; but rates for S. franciscanus were less

than 40%' at time zero, declining to less than 10% by
80 min. Fertilization success in A. planci at time zero

showed no decline at sperm concentrations from 10
5

to

10
J

sperm mr', but fertilization in S. franciscanus fell

from almost 100% to approximately 30% over the same

range. The fertilization dynamics inferred from more re-

stricted data reported for a range of sea urchin species

(Lillie, 1915; Gray, 1928; Pennington, 1985) were com-

parable to that reported for S. franciscanus by Levitan el

al. ( 1991 ). Fertilization dynamics cannot be further com-

pared using parameters, such as /3, from the Vogel el al.

(1982) model because these parameters require data on

the fertilization success achieved at different gamete con-

tact times, and these data are not available for A. planci.

A. planci sperm aged more rapidly than eggs, at least

at concentrations likely to be encountered in the field;

similar results have been described for the sea urchin S
1

.

droebachicnsis (Pennington, 1985). Detailed data on the

independent aging of sea urchin sperm and eggs are lack-

ing, making it impossible to establish whether the extent

to which egg aging determines fertilization dynamics at

high sperm concentrations and sperm aging determines

fertilization dynamics at low sperm concentrations is

similar in sea urchins and starfish. It is clear that eggs of

the crown-of-thorns starfish are capable of being fertilized

for up to several hours after they are first released. A.

planci sperm also retain their fertilizing capacity for 1 to

2 h even at reasonably dilute concentrations: this is be-

cause the sperm of A. planci are less affected by the reduced

respiratory dilution effect than are sea urchin sperm.

A greater sensitivity of fertilization to sperm:egg ratio

and a relatively slow rate of gamete aging appear to char-
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Table IV

Analysis <>/ variance testing the effects of time since initial gamete release (time), egg type (whether fresh or aged), sperm type I whether fresh or

l). sperm.egg ratio, and sperm concentration, on fertilization success of Acanthaster planci

Total data set
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10
4

sperm ml'
1 10
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sperm mP1

Sperm : egg ratio 5000

149

Sperm : egg ratio 1000
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Fresh sperm, fresh eggs

Fresh sperm, ageing eggs
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Figure 5. Mean percent fertilization, with standard error, of fresh eggs and aged eggs from Acanthasier

planci when mixed with fresh and aged sperm at different sperm concentrations (rows) and sperm:egg ratios

(columns) over a penod of 6 h and 45 min. Sperm concentration was either \0
2

or 10
4

sperm ml"', and

spernregg ratio was either 100, 1000, or 5000.
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small spatial scales, but the respiratory dilution effect may
be critical.

Detailed biochemical work with Strongylocentrotus

purpwatus has demonstrated that various treatments used

to activate sperm all give rise to an increased intracellular

pH (Christen ct al.. 1983a, 1986; Johnson ct a!., 1983).

Sea urchin sperm can be maintained for a long time in a

quiescent, "non-aging" state at the pH of seminal fluid,

that is, an extracellular pH of approximately 7.5 and an

intracellular pH of approximately 7.0 (Christen ct al..

1983b). These findings explain the effect of a number of

artificial means of inducing sperm motility as well as the

extended fertilizing capacity observed for sperm in buf-

fered solutions (Timourian and Watchmaker. 1970;

Christen ct al., 1983a; Johnson ct til., 1983). Sperm are

activated in nature when an intracellular pH higher than

their activation threshold (approximately pH 7. 5) develops

after they are released into seawater where the external

pH is 8.0 or more. Christen ct al. (1983a, 1986) have

demonstrated that the effects of short exposure to circum-

stances that activate the sperm are reversible as long as

high energy compounds used in respiration are not suf-

ficiently depleted to damage cell function. High pH ac-

tivates both microtubule movement that depletes ATP
and mitochondria] reactions that produce ATP. The

former (consumption) is usually more rapid than the latter

(production), and the relative rate of these processes de-

termines the time for which sperm are viable at a given

environmental pH. and whether the situation is reversible.

Variations in external pH may therefore influence the

fertilization success in experiments. However, no major
variations in seawater pH were observed in our experi-

ments, and in any case we wished to determine how vary-

ing gamete age and concentration would affect fertilization

in environments likely to occur in the wild. The biochem-

ical literature is pertinent to the work we report in that it

helps explain the mechanisms of sperm aging and allows

us to speculate on specific reasons for the difference in

sperm aging observed in .1 planci.

Wedid not measure the pH of the sperm solution im-

mediately after spawning (when sperm concentrations

were 12-40 X 10
s

sperm ml" 1

) or in the stock solution

(with 2 x H)
6

sperm ml '). However, our observations

are consistent with the view that any aging effects of di-

lution of sperm during the early stages of spawning were

reversed when sperm concentrations increased (and pos-

sibly external pH decreased) with continuing addition of

sperm to the 100 ml of seawater in the beaker. When
sperm were released, they accumulated in a thick sludge

at the base of the beaker and were therefore very concen-

trated. The values of 12-40 X 10
6

sperm mr 1 were ob-

served after the seawater in the beaker was mixed very

well at the end of the spawning period. Our observations

are also consistent with the view that respiration was at

least balanced by ATP production at 2 X 10
6

sperm ml '.

There was no correlation between initial concentrations

at which sperm had been spawned and the relative speed

of aging of the sperm in subsequent experiments that

might suggest the initial spawning into seawater had ir-

reversibly aged sperm. The fact that A. planci sperm held

at concentrations of 2 x 10
h

sperm mP1 do not appear

to age over several hours, whatever the reason, is in it-

self evidence that their fertilization capacity is enhanced

relative to that of sea urchin sperm, whose viability

extended over several hours only at concentrations of

10
8

sperm ml '

(Levitan ct al.. 1991).

Our conclusions depend on the use of "non-aged"

sperm at the start of our experiments, and our empirical

protocols allowed us to do this. The experiments were

carried out with natural seawater pumped fresh from the

Great Barrier Reef lagoon, replicating the conditions in

which natural fertilization would occur and allowing us

to estimate fertilization rates in the wild between gametes
of given age and concentration. The results do not allow

us to identify the mechanisms that give rise to the different

rates of aging of sea urchin and crown-of-thorns starfish

sperm.

However, one may speculate that, compared to sea ur-

chins, the crown-of-thorns starfish might have ( 1 ) more

acid seminal fluid, resulting in lower seawater pH at given

sperm concentrations: (2) higher pH thresholds for acti-

vation of sperm: (3) different rates of reaction for respi-

ration and ATP production with rise in pH, resulting in

longer viability: or (4) combinations of the above.

The conclusions are also conservative in that gamete

age was calculated from the time of dilution from the

stock solution. This was shown to be an appropriate em-

pirical starting point because A planci sperm do not age

at this concentration over the time scales of the experi-

ment. If age had been timed from the beginning of sperm

release, the sperm would have been considered some

30 min older on average, thus increasing the observed

difference in fertilization rates of A. planci and sea urchin

sperm.

In the field, fertilization rates as high as about 60%
at 10 m downstream of a spawning male, dropping to

20% at 60 mdistance, have been observed for A planci

(Babcock and Mundy, 1992). These values are much

greater than those of sea urchins, which show 5% fer-

tilization at 5 m, dropping to zero at distances greater

than 10 m(Pennington, 1985). The reduced respiratory

dilution effect, and consequent relatively slow aging of

sperm, are features of A. planci that may well enhance

fertilization success by allowing gametes to remain

competent for a longer time at more dilute concentra-

tions. Environmental factors such as salinity, temper-

ature, and pH are also likely to affect fertilization success

(Rupp. 1973: Greenwood and Bennett, 1981: Dinnel el
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al. 1987; Christen et a/.. 1983a, 1986), and hydrody-
namics and rates of gamete release will control the de-

gree of dilution of the gametes. However, the charac-

teristics of A. planet gametes described here are very
different from those of sea urchins and would lead to

higher fertilization success at greater distances from

spawning adults. The range of gamete concentra-

tions tested was similar to the average values of 2

X 10
5

sperm ml" 1

or less, and sperm:egg ratios of 2

X 10
4

or less, measured in the field (Benzie et al.. 1994).

The nature of gamete dispersion in the wild and esti-

mates of fertilization success in the wild, using field

measurements of gamete concentrations and the lab-

oratory data presented here, are fully discussed in Benzie

et al. ( 1 994).

A. planci larvae developed from fertilization at the

highest laboratory concentration of 10
5

sperm ml '

were

often malformed and had not completed gastrulation the

following day, in contrast to larvae from treatments using
lower sperm concentrations. No extensive rearing of larvae

was attempted, but these observations from several tests

suggest that polyspermy might have occurred at high

sperm concentrations. Individuals of A. planci in close

proximity in the field are likely to produce concentrations

of gametes that will result in some degree of polyspermy.
The high fertilization rates achieved may not reflect the

number of viable larvae produced in such circumstances,

and there may be an upper limit to sperm concentrations

with respect to the number of viable larvae produced in

a given mating. Similarly, although eggs were fertilized

up to 8 h after their release, after only 4 to 5 h many
showed abnormal divisions, and eggs were often mis-

shapen. When samples were maintained for 36 h, many
of the eggs with raised fertilization membranes had not

developed into larvae or had not successfully completed

gastrulation.

The viability of eggs fertilized at the end of the breeding
season must also be assessed. Fertilization dynamics early

and late in the breeding season have never been compre-

hensively compared for any echinoderm species. Differ-

ences observed in the fertilization rate response surfaces

early and late in the breeding season suggested that a re-

duction in the quality of gametes at the end of the breeding
season gave rise to different fertilization dynamics in A.

planci at that time. It is not known whether eggs, sperm,
or both were responsible for these differences.
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